Superparamagnetic iron oxide nanoparticles show potential in magnetic targeting of inhaled aerosols to localized sites within the lung. These particles are also used as contrast agents in magnetic resonance imaging (MRI). In the present work, we examine the feasibility of measuring regional lung deposition of iron oxide nanoparticles using MRI. Mice were exposed nose-only to nebulized superparamagnetic iron oxide nanoparticles. The droplet size distribution in the inhalation chamber was measured using a time-of-flight device. Regional concentrations of iron in the left and right lung were assessed with MRI by measuring the longitudinal relaxation times (T 1 ) of the lung tissue in exposed mice, compared to a baseline group. Regional concentrations of iron in the lungs of the mice ranged from 1.1 Ϯ 0.8 g/cm 3 (mean Ϯ one standard deviation, n ϭ 6) in peripheral lung regions to 2.7 Ϯ 1.4 g/cm 3 in the central lung, with no significant difference between the left and right lung. The nebulized droplets in the inhalation chamber had mass median aerodynamic diameter (MMAD) of 5.6 Ϯ 0.8 m, with a geometric standard deviation (GSD) of 1.30 Ϯ 0.03 (both values expressed as mean Ϯ one standard deviation, n ϭ 6). MRI shows promise for in vivo measurement of regional lung concentrations of superparamagnetic iron oxide nanoparticles, and may be useful in studies of lung deposition and clearance.
Introduction
T HE POTENTIAL USE of magnetic fields to influence regional lung deposition of inhaled pharmaceutical aerosols has gained considerable attention recently. (1, 2) Superparamagnetic iron oxide nanoparticles have been used to imbue aerosol particles with high magnetic susceptibility, allowing their trajectories (3) and orientations (4) to be controlled at a distance using magnetic fields. Recent work (5) has also indicated that magnetic control over aerosol particle shape may be possible. Although considerable hurdles remain before such technologies find clinical application, the ability to noninvasively enhance aerosol deposition at localized sites within the lung, using externally applied magnetic fields, would be a significant step forward in respiratory drug delivery.
In addition to their potential use in targeting drug delivery, iron oxide nanoparticles are widely used as contrast agents for magnetic resonance imaging (MRI). (6, 7) Accordingly, for the intravenous route of administration, iron oxide nanoparticles have been used for combined magnetic targeting and subsequent, MRI-based assessment of nanoparticle concentrations within targeted sites in both clinical trials (8) and animal models. (9) Very recently, Sood et al. (10) have used MRI to estimate gadolinium concentrations averaged over the entire lungs of newborn pigs exposed to nebulized solutions containing gadopentetate dimeglumine (Gd-DTPA). In the present work, we examine the possibility that MRI might be used to determine the distribution of inhaled iron oxide nanoparticles within the lung. Clearly, measurement of regional deposition patterns by MRI would be ideally suited for in vivo evaluation of magnetic drug targeting techniques employing aerosols loaded with iron oxide nanoparticles. The ability to noninvasively quantify the level of targeting achieved in individual patients would be of great benefit, providing researchers with direct feedback on the success or failure of novel magnetic targeting techniques, and enabling correlations to be established between deposition enhancement at targeted sites and clinical outcomes. Animal models have been widely used in aerosol inhalation studies, and regional deposition patterns are qualitatively similar in laboratory animals and humans. (11) In the work decribed at present, mice were exposed nose-only to nebulized droplets containing superparamagnetic iron oxide nanoparticles. The feasibility of measuring lung concentrations of iron oxide nanoparticles using MRI was assessed by comparing lung tissue T 1 relaxation times of exposed mice with those of baseline, nonexposed mice. Regional variation in deposition was assessed by comparing iron concentrations in the left and right lung measured in different axial slices.
Materials and Methods

Materials and animals
Colloidal superparamagnetic iron oxide with an iron concentration of 10 mg/mL, and reported core particle size of 10 nm was purchased (FeREX; BioPAL, Worcester, MA). Six-to 8-week-old female BALB/c mice were obtained from the Health Sciences Laboratory Animal Services at the University of Alberta. The mice were housed under conventional conditions under the guidelines of the Canadian Council on Animal Care for 1 week prior to the study. All animal procedures were approved by the University of Alberta Health Sciences Animal Policy and Welfare Committee.
Aerosol exposure
The aerosol exposure apparatus used in the present study was nearly identical to that used previously by Nadithe et al. (12) Briefly, LC Star jet nebulizers (PARI GmbH, Starnberg, Germany), operated with Devilbiss PulmoAide compressors (American Allergy Supply, Houston, TX), were used to supply droplets containing colloidal iron oxide nanoparticles to a nose-only inhalation chamber. The vents of the nebulizers were sealed to prevent additional room air from being drawn into the system. The downstream side of the inhalation chamber was connected to a house vacuum in order to maintain atmospheric pressure inside the chamber. Prior to the exposure, the output rate of colloidal iron oxide from the nebulizers was determined by placing three Respirgard filters (Vital Signs, Totowa, NJ) in series at the nebulizer exit. Nebulization was allowed to proceed until completion, and then the filters were weighed to determine the mass of aerosol generated. In addition, the droplet size distribution inside the chamber was also determined, prior to the exposure, using an Aerosizer (Amherst Process Instruments; now TSI, Shoreview, MN) to sample aerosol from the nose ports of the chamber, at a sampling flow rate of 1 L/min. Aerosol was sampled from the six ports later occupied, during the exposure, by mice. Six mice, weighing 22.5 Ϯ 1.2 g (mean Ϯ 1 standard deviation), were placed inside restrainer tubes and exposed to nebulized iron oxide for 2 h. Due to the length of the exposure, the nebulizer and compressor were switched out of the circuit and replaced two times. Each time, flow of air through the chamber was maintained using the house vacuum, and less than 2 min elapsed before the new nebulizer and compressor were in place and again producing aerosol. The mice were euthanized immediately after the exposure by intraperitoneal injection of euthanyl, and then placed in a refrigerator at 4°C, in supine position, until the time of their MRI scans. The time of death and the time of MRI scan was recorded for each mouse. The scan of the first exposed mouse began approximately 1 h after euthanization.
In addition to the exposed mice, a group of six baseline mice was studied, with a mean weight of 22.8 Ϯ 0.3 g. Two of these mice underwent a blank 2-hr exposure to isotonic saline, after which they were euthanized together with the remaining four baseline mice, and then all six baseline mice were refrigerated until scanned. As for the exposed mice, times of death and scanning were recorded for each mouse.
MRI imaging and postprocessing
All MRI measurements were performed on a Siemens Sonata 1.5T 60-cm bore system (Siemens Medical Systems, Erlangen, Germany). All mice were oriented prone, in the right to left direction, in a 2.5-cm diameter surface coil, with the center of the lung placed at the center of the circular coil to maximize reception sensitivity and uniformity over the lung. An inversion-recovery fast spin echo pulse sequence with a variable inversion time (T i ϭ 200 ms: 200 ms:2000 ms, and T i ϭ ϱ) was used to quantify the longitudinal relaxation time of the lungs, using the following parameters: 108 ϫ 25 mm field of view, 448 ϫ 105 matrix (240 ϫ 240 m in-plane spatial resolution, interpolated to 120 ϫ 120 m), and 1-mm slice thickness with 12 slices spanning the lung from the trachea down to the diaphragm. Two serial experiments, each with six slices with a 1-mm slice gap, were interleaved to ensure there was no crosstalk between neighboring slices. Other pulse sequence parameters included a repetition time, TR, of 4000 ms, an echo time, TE, of 16 ms, a 150-Hz/pixel bandwidth, a 15.9-ms echo-space with 11 echoes per excitation, and two averages. The total acquisition time per mouse was approximately 30 min.
A MATLAB (The Mathworks, Natick, MA) script was written to calculate average T 1 relaxation times for userdefined regions of interest within the slices. For the analysis reported here, regions of interest encompassing the left and right lung were chosen in each slice. To limit the influence of the lung vasculature on T 1 relaxation times, all voxels with signal intensity greater than a threshold value were excluded from the regions of interest. A threshold level equal to 25% of the maximum signal intensity in an image was found to filter out the majority of the vasculature visible in the image. In addition, the average signal intensity (SI) in each region of interest was corrected for noise using the relationship
where SI 0 is the average signal intensity prior to subtraction of the noise, n, measured as the average signal intensity in a region of interest far away from the mouse.
The T 1 relaxation time was determined in each region of interest by fitting average signal intensity versus inversion time data points with the function
where SI is the signal intensity at inversion time T i , and the constants SI ϱ , k, and T 1 were determined by nonlinear regression.
The presence of iron oxide nanoparticles in the lung will decrease the T 1 relaxation time according to the following relationship: (13, 14) ϭ ϩ␣иc
where T 10 is the baseline relaxation time, c is the tissue concentration of iron, and ␣ is ideally a constant and is the relaxivity of the particles. Evaluation of Equation (3) allowed the average concentration of iron within chosen regions of interest to be calculated from measured T 1 relaxation times in the exposed and baseline mice. For the iron oxide nanoparticles used in the present study we derived a value of ␣ ϭ 0.15 cm 3 /(g Feиs) by evaluating Equation (3) using known concentrations of the nanoparticles prepared in agar phantoms along with the corresponding T 1 and T 10 values measured using inversion recovery MRI experiments. The phantoms contained 2% (w/v) agar (A360-500; Fisher Scientific Canada, Ottawa, ON) in deionized water. Iron oxide nanoparticles were added to boiling agar solutions while stirring, and the resulting suspensions were then cooled and poured into 35-mm diameter, 10-mm deep glass Petri dishes. Further cooling to room temperature formed agar gels containing well-dispersed suspensions of nanoparticles, with iron concentrations ranging from 0 to 20 g/mL, over which range ␣ remained constant.
Results
The average output rate over the course of nebulization was 0.70 mg Fe/min. Accordingly, over the 2-hour exposure, 84 mg of iron was introduced into the inhalation chamber. The size distribution of droplets containing the colloidal iron oxide was determined by sampling aerosol from the nose ports of the inhalation chamber. The mass median aerodynamic diameter (MMAD) of the aerosol was 5.6 Ϯ 0.8 m, with a geometric standard deviation (GSD) of 1.30 Ϯ 0.03 (both values are expressed as mean Ϯ one standard deviation, n ϭ 6).
In the baseline mice, T 1 relaxation times in the right and left lung were measured at different axial positions. Figure 1 displays signal intensity images of 12 axial slices from one of the baseline mice, while Figure 2 demonstrates the use of gray level thresholding to filter out the vasculature from a specified region of interest. In each individual baseline mouse, no variation in the T 1 relaxation time was detected with axial position, or between the right and left lung. Therefore, for each mouse, the T 1 relaxation time was averaged over the whole lung. As shown in Figure 3 , the average T 1 relaxation time decreased with the time after death at which the MRI scan was performed. The first and the fifth mouse in this series were exposed to nebulized saline prior to euthanasia, but follow the same trend as do the remaining four baseline mice.
T 1 relaxation times in the exposed mice were also determined in the left and right lung, at each of 12 axial positions. Although T 1 times varied in different regions of the lungs of the exposed mice, owing to heterogeneous distributions of deposited iron oxide nanoparticles within the lungs, an average value over the entire lung of each mouse was calculated for the sake of comparison with the baseline group. These values are included in Figure 3 . A reduction in the average T 1 times of the exposed mice from their baseline values is clearly evident in Figure 3 . As is expected from Equation (3), under the assumption of similar average lung iron concentrations in each of the exposed mice, this reduction became smaller for the lower baseline T 1 times observed with increasing time after death.
For the exposed mice, T 1 relaxation times were converted to iron concentrations according to Equation (3). For each mouse, a unique baseline T 1 relaxation time, T 10 , was used in Equation (3) to account for the observed decay in T 10 following death (Fig. 3) . T 10 was determined from the time after death of the mouse by interpolating from the data measured in baseline mice, using a best-fit logarithmic curve. Figure 4 displays average right and left lung iron concentrations in the exposed mice at different axial positions. In each mouse, moving from trachea down to the diaphragm, the first axial slice in which peripheral lung was visible was assigned an axial distance of zero, and the positions of subsequent slices were defined based on their axial distances from the zero position.
The lung volume and total mass of iron deposited in the lung were determined for each exposed mouse based on the number of voxels (each 0.12 ϫ 0.12 ϫ 1 mm in volume) contained in the defined regions of interest in each axial slice and the measured regional iron concentrations. The average lung volume, after thesholding to exclude voxels containing vasculature, was 0.28 Ϯ 0.08 cm 3 (mean Ϯ 1 standard deviation, n ϭ 6). The average mass of iron deposited in the lungs was 0.5 Ϯ 0.2 g.
Discussion
In the present work, mice were exposed nose-only to nebulized droplets containing colloidal iron oxide. Concentrations of iron in the lungs of exposed mice were measured using MRI, based on reductions to the T 1 relaxation time of the lung tissue, compared to a baseline group of mice. In the baseline mice, the average lung T 1 relaxation time was found to decrease with time after death. These changes are most likely due to postmortem redistribution of water between the airway surface liquid, interstitial, and vascular spaces in the lung. In the exposed mice, the concentration of iron was highest in axial slices containing central regions of the lung. This result is not surprising given the sizes of the aerosol droplets in the inhalation chamber, which had a MMAD of 5.6 Ϯ 0.8 m. The mathematical lung deposition model presented by Nadithe et al. (12) predicted much higher tracheobronchial deposition than alveolar deposition in mice inhaling particles of several micrometers in diameter. The present results are consistent with this prediction, in that tracheobronchial airways are expected to be located primarily in the central, as opposed to peripheral, regions of the lung.
The total mass of iron that deposited in the lung of each exposed mouse was only 0.0006 Ϯ 0.0002% (mean Ϯ 1 stan-
FIG. 1.
Signal intensity images (for the specific case of no inversion preparation pulse, or T i ϭ ϱ) of 12 axial slices of the lung of a baseline mouse, moving from the trachea down to the diaphragm. Each image represents a 1 mm-thick slice. Baseline and exposed mice were indistinguishable in raw signal intensity images such as these. dard deviation, n ϭ 6) of the mass of iron introduced into the inhalation chamber. This result is consistent with previous studies, in which nose-only, flow-by inhalation chambers have been shown to be extremely inefficient in terms of the amount of aerosol delivered to the lungs of rodents. (12, 15) Employing the same model of nebulizer and compressor, and the identical inhalation chamber as in the present study, Nadithe et al. (12) measured the lung deposition of radiolabeled human serum albumin in mice using gamma scintigraphy. As a percentage of the total activity introduced into the chamber, the average lung deposition in each mouse was 0.0018%. This is three times higher than the lung deposition measured in the present study; however, the reported MMAD of the aerosol was lower than that in the present study, 3.9 m compared to 5.6 m, so that losses in the chamber, and in the extrathoracic airways of the mice, were likely greater in the present study. In addition, differences in the
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FIG. 2.
Signal intensity images (for T i ϭ ϱ) of a specified region of interest (a) before and (b) after gray level thresholding to remove the vasculature, which appears as areas of very high intensity in a. For the purpose of comparison, the grayscale is held constant between a and b.
FIG. 3.
Average T 1 relaxation times in the lungs of the baseline and exposed mice are plotted, along with best-fit lognormal curves, against the time after death at which the MRI scan was performed. Error bars represent 95% confidence intervals.
FIG. 4.
Concentrations of iron in the right and left lung, averaged over the six exposed mice, are plotted against the axial distance, moving from the apex to the base of the lung. Errors bars represent the standard error of the mean.
exposure times and the genetic strains of mice used in the two studies may have contributed to the difference in measured lung deposition. As was mentioned in the introduction, the ability to quantify regional deposition of superparamagnetic iron oxide nanoparticles within the lung is attractive for in vivo evaluation of aerosol-based approaches to magnetic drug targeting. In the present work, separate regions of interest were defined to differentiate between the left and right lung in 1 mm-thick axial slices of the lung. The volume contained within the regions of interest was as small as approximately 2 mm 3 for slices at the apex of the lung, but was typically an order of magnitude larger. On average, 16 different regions of interest within the lung were examined for each mouse, with small variation around this average due to the different lung sizes of different mice. While attempts were made to map iron concentrations at finer resolution, within the left and right lung in each slice, the resultant signal to noise ratios were sufficiently low that such mappings were not possible. This is a limitation of the current hardware setup and not an intrinsic limitation of the approach. The MRI scanner used for this study is a whole body human system and thus is not optimized for the study of mice. We therefore expect significant improvements in the ability to detect regional variations in nanoparticle deposition in the study of larger animals and humans. Specifically, it is feasible to use voxel volumes that are 100 to 1000 times larger in a larger animal, which would readily accommodate the analysis of tissue T 1 relaxation times at several regions of interest within each lung lobe. T 1 mapping in the human lung has been reported by several groups, (16, 17) so the technical feasibility of these measurements is well established.
In addition to evaluating regional deposition patterns, MRI measurement of iron concentrations within the lung, and in secondary organs, may be useful for determining clearance rates of insoluble particles in vivo. Techniques using gamma scintigraphy (18) are widely used to measure short-term, mucociliary clearance over 24 h. The observation time in these studies is limited by the short half-life of the radiolabel, usually technetium-99m. In limited cases, clearance has been measured by scintigraphy over several days, and even months, using radiolabels with longer half-life and sensitive counters. (19, 20) Alternatively, Möller et al. (21, 22) measured whole-lung retention of inhaled micrometer-sized iron oxide particles over a time period of 9 months, using a superconducting quantum interference device (SQUID) to detect remanent magnetic fields produced by magnetized particles. Similar studies may be possible using MRI after inhalation of superparamagnetic iron oxide nanoparticles, or larger insoluble particles labeled with a MRI contrast agent, with the added benefit of obtaining regional deposition patterns. If such studies are undertaken, a potential limiting factor is the sensitivity of the T 1 relaxation time of the lung, and of secondary organs, to the tissue concentration of contrast agent. This sensitivity is captured in the parameter ␣, in Equation (3) . In the present work, iron concentrations in the lung on the order of 1 g/cm 3 were successfully measured. Following Equation (3), for the superparamagnetic iron oxide preparation used in the present study, an iron concentration of 1 g/cm 3 in the lung decreases a baseline T 1 relaxation time of 800 ms to 714 ms. Smaller concentrations would have been difficult to detect in the present work, as changes to the T 1 relaxation time would have been of the same magnitude as the experimental error in the measurements.
In summary, based on the work described above, it can be concluded that MRI measurement of T 1 relaxation times shows considerable promise as an experimental technique for determining regional lung deposition of inhaled superparamagnetic iron oxide particles. Such a technique is well suited for evaluation of aerosol-based magnetic drug targeting to localized sites within the lung, where drug or carrier particles are already loaded with iron oxide nanoparticles to increase their magnetic susceptibilities. In addition, as an alternative to scintigraphy, MRI may prove useful in determining particle concentrations in the lung during long-term clearance studies
